The reversible denaturation of protein disulfide isomerase proceeds through intermediates that are stabilized by interaction with guanidine hydrochloride. At pH 7.5, the equilibrium denaturation by urea is completely reversible and the transition can be reasonably well-described by a two-state model involving only native and denatured forms. In comparison, the equilibrium denaturation by guanidine hydrochloride occurs in two distinct steps. In the presence of a low constant amount of guanidine hydrochloride (0.5-1.4 M), urea denaturation also becomes biphasic, suggesting the accumulation of an intermediate species that is stabilized by specific interaction with guanidine hydrochloride but not by high concentrations of other salts or other denaturants.
Protein disulfide isomerase (PDI; EC 5.3.4.1) is a multifunctional protein (Mr = 57,000) that is located in the lumen of the endoplasmic reticulum where it is thought to catalyze thioldisulfide exchange reactions that are essential for the posttranslational formation of disulfide bonds in newly synthesized proteins (1) (2) (3) (4) (5) (6) . The primary sequence of PDI shows two internally homologous domains (7) that contain the two active site regions of each monomer. One domain is located near the N terminus and the other is near the C terminus. The two domains are =30% identical to Escherichia coli thioredoxin, a redox-active dithiol/disulfide-containing protein. Each thioredoxin-like domain contains a dithiol/disulfide center (WCGHCK) that comprises the two independent active sites (8) .
PDI accelerates the renaturation of disulfide-containing proteins; therefore, the enzyme could find application in the renaturation of disulfide-containing proteins produced as insoluble misfolded inclusion bodies in bacterial expression systems (9) . Since many refolding strategies employ denaturants such as urea or guanidine hydrochloride (Gdn HCl), we were initially interested in evaluating the stability of PDI toward these denaturants. During the course of these studies, we noticed an unusual situation in which the transition between native and unfolded states appeared to be a simple two-state process in urea but involved a stable partially unfolded intermediate state in Gdn HCl. For many proteins, denaturation is a cooperative two-state process (10, 11) ; however, deviation from a simple two-state transition is observed when stable intermediates occur on the folding/ unfolding pathway (12) . By fluorescence and CD spectroscopy, we have detected a partially folded intermediate during the reversible denaturation of PDI that is specifically stabilized by relatively low concentrations of Gdn'HCl.
MATERIALS AND METHODS Materials. Glutathione, insulin (bovine pancreas), and glutathione reductase (yeast type III) were purchased from Sigma. Dithiothreitol (DTT) was purchased from Boehringer Mannheim. Gdn-HCl was sequanal grade from Pierce. Urea (ultra pure) was from ICN. Urea solutions were prepared immediately before use. Glass-distilled deionized water was used for all experiments.
PDI was prepared from fresh bovine liver by the method of Lambert and Freedman (13) . The purity of the enzyme was >95% as judged by polyacrylamide gel electrophoresis. The enzyme (1.5-2 mg/ml) was stored at -20°C in 20 mM sodium phosphate (pH 6.3). HPLC on a DEAE 5WP (Waters) anion-exchange column (eluted with a linear gradient of0-0.5 M NaCl over 30 min) or gel filtration on a Bio-Sil SEC250 (Bio-Rad) column revealed two major PDI species in a 1:0.7 ratio. Both peaks had PDI activity, both proteins migrated as a single 57-kDa band during SDS/PAGE under reducing and nonreducing conditions, and the N-terminal 10 residues of both species were identical to the sequence of PDI. Two forms of PDI that are resolved by gel-filtration HPLC have been reported previously and attributed to proteolysis near the C terminus (14) ; however, the suggested C terminus of one ofthe two peaks could not be found in the deduced cDNA sequence of PDI. The two forms of PDI appear to represent monomeric and dimeric species in which a metastable dimer without intermolecular disulfides is induced by freezing in phosphate buffer (M. Kruzel and H.F.G., unpublished observations). Overnight incubation of the preparation at pH 7.5 and 22°C results in essentially complete (>90%) conversion of the dimer to the monomer; under the conditions of our experiments, the PDI is monomeric. In addition, Gdn HCl denaturation profiles for the two forms of PDI isolated from HPLC are identical to each other and identical to those of the mixture.
Methods. PDI activity, measured by the glutathionedependent reduction of insulin, was determined as described by Morjana and Gilbert (15 [3] where R is the gas constant and Tis the absolute temperature. The denaturation profiles of PDI in urea monitored by fluorescence or CD were fit directly to Eq. 3 by a nonlinear least squares routine using the Marquart algorithm (18) . Additional terms were also included to account for the small linear effects of the denaturant on the intrinsic signal intensity of the native and unfolded protein (17, 19) (Fig. 1) . The concentration of urea required to half-denature the enzyme is 4.8 M. The [5] where SN, SI, and Su represent, respectively, the intrinsic (Fig. 3) , reminiscent of that observed with Gdn-HCl-induced denaturation. The AGo of the N = I transition, extrapolated to zero urea, is a linear function of the fixed Gdn HCl concentration (Table 2) , and extrapolation of this plot to zero GdnHCl provides an independent estimate of the free energy of the N I transition of 6.2 ± 0.6 kcal/mol (1 cal = 4.184 J) in the absence of any denaturant, a value similar to that observed in urea alone. In addition, the m value (2.9 ± 0.7 kcal/liter) determined from the dependence of the urea denaturation on the fixed Gdn4HCl concentration is also similar to that for the N = I transition observed during Gdn HCl denaturation. Thus, the effects of low concentrations of Gdn HCl appear to be similar for both Biochemistry Gdn HCl and urea-dependent denaturation, consistent with the stabilization of a folding intermediate by Gdn HCl.
The second transition (I -* U) is more difficult to quantitate because it occurs at higher denaturant concentrations and produces a somewhat smaller signal change; however, it appears that an increasing Gdn HCl concentration (in ureadependent denaturation) increases the free energy difference between the intermediate and unfolded states ( Table 2) . With urea denaturation in the presence of Gdn HCl, the sum of the free energy changes for the N = I and I = U transitions is nearly constant (9 ± 1.4 kcal/mol), particularly at the intermediate concentrations of Gdn HCl where the accuracy of measurement of the individual AG values is greatest. This suggests that the estimated free energy difference between native and unfolded states is reasonably independent of the concentration of Gdn HCl and that the accumulation of the intermediate results from a stabilization by Gdn HCl (Fig. 4) . The sum of the m values (2.2 ± 0.4 kcal/liter) appears to decrease slightly with increasing Gdn-HCl concentration; however, given the errors in the two values of m that make up this sum, it is difficult to determine whether this variation is significant. (21) . The effect is most likely not the result of electrostatic shielding since the inclusion of NaCl to maintain a constant ionic strength of 6 M has no effect on Gdn HCl denaturation.
The lack of an effect of NaCl would also imply that the stabilization of the intermediate is not due to the anion and that the stabilizing effect exhibits some specificity for the guanidinium cation. Goto et al. (21) (12, 22) . In contrast to the intermediate state observed in PDI denaturation, the "molten globule" state of apo-a-lactalbumin, which is stable at low ionic strength, low pH, and at intermediate concentrations of denaturant, exhibits a far-UV CD spectrum that is similar to that of the native protein (22) .
Monomeric PDI has two active site regions, one near the N terminus and another near the C terminus; both are homologous to each other and to the redox active protein thioredoxin (1) . Using a pattern recognition approach that evaluates the potential structural resemblance of a domain of given primary sequence to the thioredoxin structural motif, Ellis et al. (23) have proposed that the C-terminal domain of PDI is more closely related to the thioredoxin structure than the N-terminal domain. Thus, the two melting transitions might represent differences in the stability of these two structural domains. The intermediate that is stabilized by Proc. Natl. Acad. Sci. USA 90 (1993) Gdn HCl could result from unfolding of one these domains, consistent with the retention of v40% of the secondary structure in the intermediate.
